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Optimizing the control of a brushless DC motor

Abstract. The paper proposes a strategy for controlling a brushless DC motor excited by permanent magnets. The results of investigations are
presented. The investigations were carried out to determine the impact of the proposed control optimization on the dynamics of the drive system
during starting the motor and during the steady operation of the system with the motor loaded. The cases of an open-loop system with the use of a
voltage reference adjuster and a cascade structure with the use of closed loops for controlling the electromagnetic torque and angular velocity of the

motor were considered.

Streszczenie. W pracy zaproponowano strategie sterowania bezszczotkowym silnikiem pradu statego wzbudzanym magnesami trwatymi.
Zaprezentowano wyniki badan, przeprowadzonych w celu ustalenia wptywu proponowanej optymalizacji sterowania na dynamike uktadu
napedowego podczas rozruchu silnika oraz w czasie ustalonej pracy uktadu z obcigzonym silnikiem. Rozwazono przypadki uktadu pracujgcego z
otwartg petla, z wykorzystaniem zadajnika napiecia oraz struktury kaskadowej z zastosowaniem zamknietych obwodéw regulacji momentu
elektromagnetycznego i predkosci katowej silnika (Optymalizacja sterowania bezszczotkowym silnikiem pradu stalego).
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Stowa kluczowe: silnik BLDC, napiecia indukowane, strategie i optymalizacja sterowania, pomiar potozenia kgtowego.

Introduction

Electric motors excited by permanent magnets, which
include a brushless DC motor (BLDC motor) [1-6] and a
permanent magnet synchronous motor (PMSM) [7-9], are
used in many branches of the economy, including the tool
industry, automotive, medical, industrial automation, etc.
There are two types of brushless motors excited by
permanent magnets: motors with trapezoidal back
Electromotive Force (EMF) waveform (applies mainly to
BLDC motors) and motors with sinusoidal back EMF
waveform (applies mainly to PMSM). This division results
from different ways of connecting the turns (coils) forming
the stator winding and different ways of forming the
magnetic field distribution in the motor air-gap by
appropriate magnetization of permanent magnets or
shaping the rotor pole pieces. In the case of a motor with a
sinusoidal waveform of back EMF, both phase voltages and
phase currents change in a sinusoidal manner, and the
electromagnetic moment has a smooth waveform, in
contrast to the distorted waveforms of back EMF and phase
currents as well as the rippled electromagnetic torque of the
motor with a trapezoidal back EMF waveform, which are the
cause of the additional vibration and noise.

The brushless DC motor is a combination of a
permanent magnet synchronous motor and an electronic
commutator (inverter). It is possible to activate semiconductor
switches (transistors) of the inverter supplying the
synchronous motor from an independent voltage-controlled
pulse generator or from an angular position transducer
coupled with the motor shaft. In the latter case, the effect of
switching the stator phase windings in certain rotor
positions is analogous to the operation of a mechanical
commutator in a brushed DC motor. The properties of the
synchronous motor controlled in this way are then similar to
those of a separately excited DC motor.

In order to determine the angular position of a BLDC
motor rotor, Hall sensors embedded in the stator are most
often used, which together with permanent magnets
mounted on the rotor form a magnetic encoder. Instead of a
magnetic encoder, optical encoders or rotary electrical
transformers, two-phase (resolver) or three-phase
(synchro), can be used to measure the angular position of
the rotor [6]. Contrary to the most popular optical encoders,
rotary electrical transformers are resistant to vibration,
shock, dust and moisture, and to long-term operation at
high temperatures. Their disadvantage is the lower

accuracy of the measurement. The rotor of the rotary
electrical transformer is excited with alternating current with
a carrier frequency at least ten times higher than the
frequency corresponding to the maximum speed of the
motor. The magnetic field produced by the rotor current
induces back EMFs in the stator phase windings.

In BLDC motor control, the Pulse Width Modulation
(PWM) method is frequently used to limit the starting
current as well as to control the speed and torque of the
motor.

Proposed strategies for controlling brushless DC
motors

The improvement of the parameters of control systems
is a common pursuit of designers and users of these
systems. In [6], a strategy for controling a permanent
magnet motor with a sinusoidal back EMF waveform having
the properties of a DC motor as a result of using a synchro
coupled with the motor shaft to drive the inverter, was
proposed. This control strategy is explained in Fig. 1.
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Fig.1. Block diagram of the structure corresponding to the proposed
control strategy for the BLDC motor with a sinusoidal back EMF
waveform [6]

In the proposed control strategy, the optimization
described by the dependencies (1), (2) and (3) was applied:
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where: ug 5 are voltages at the output of the 3-Phase
Synchro Detector, us,; are voltages at the output of the
Optimization block.

Other quantities in dependencies (1) are the inductance of
the motor winding, the flux linkage excited by permanent
magnets and the quadrature component of the space vector
of the motor current in the reference system related to the
magnetic poles of the rotor and defining the magnitude of
the electromagnetic moment.

Figure 2 shows the waveforms of the electromagnetic
torque (z.), angular velocity (@) and phase current (i) during
the start-up of a 4 kW BLDC motor.
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Fig.2. Waveforms of electromagnetic torque, angular velocity and
phase current during the starting of a motor with a sinusoidal
waveform of the back EMF, in the system shown in Fig. 1, with
optimization turned off (a) and optimization turned on (b)

As a result of the optimization applied to the drive system
with a permanent magnet motor with a sinusoidal back EMF
waveform, powered from an inverter driven by a rotary
electrical transformer coupled with the motor shaft, the
dynamics of the system was improved, without the use of
closed loops for controlling the armature current or
electromagnetic torque and angular velocity, and their
synthesis. This improvement is manifested by a reduction in
the starting current amplitude, an even level of
electromagnetic torque during start-up, and a shortened
start-up time.

The use of the dependencies (1), (2) and (3) in the
control system of a motor with a trapezoidal back EMF
waveform (see Fig. 3) leads to its commutation with a
phase advance (positive phase shift) by the angle ¢
depending on the load.
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Fig.3. Block diagram of the structure corresponding to the proposed
control strategy used for the motor with a trapezoidal back EMF
waveform

Results of investigations

The investigations of the proposed structure for
controlling the BLDC motor were performed with the use of
the digital simulation method. The investigations were
based on BLDC motor mathematical model formulated and
tested by the authors [1]. The following equations formulate
the matrix form of the BLDC motor mathematical model:
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where: uy, Up, U, ia, ib, Iy ¥4, W, W are phase voltages,
currents and flux linkages, e,, e, €. are back EMFs induced
in the respective phase windings, L = L,+ L, M =-L,/3, L,
is inductance of the main magnetic circuit (magnetization
inductance), L, is leakage inductance. The following formula
can be used to derive the phase currents from the matrix
dependency (5):
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The currents derived above should be substituted into
equation (4) in order to reduce the number of unknowns.
Back EMFs can be defined as follows:
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where ¥ is flux linkage excited by permanent magnets, @,
is angular velocity of rotor, N, is number of pole pairs. The
following dependency can be used to approximate the
functions f,, f,, f.:

f,(6,) sin(é,)
(8) fp(6.) |=K¢| sin(@, —120°)
f.(6.) sin(g, —240°)

where: k; = 2 for the approximation of the trapezoidal EMF
with a wide trapezoid base (120 electrical degrees), k;= 1.2
for the approximation of the trapezoidal EMF with a narrow
trapezoid base (about 60 electrical degrees) and k= 1 for
the approximation of the sinusoidal EMF.

~1<f,(8,)<+1
A 1< (6,)<+

~1< f.(G,) <+
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The electromagnetic torque can be expressed as follows:

(9) 7, = @y, (8, +Epi, + i)

Taking into account Equation 7:

(10) Te = N pylP( fa(ge)ia + fb(ge)ib + fc(He)Ic)

Figures 4 to 6 show the waveforms, respectively, of the
phase current (i), electromagnetic torque (z) and angular
velocity of the rotor (@) during the 4 kW BLDC motor start-
up in the system shown in Fig. 3, with optimization turned
off (a) and optimization turned on (b).
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Fig.4. Phase current waveforms of the BLDC motor during the
start-up in the system shown in Fig. 3, with optimization turned off
(a) and optimization turned on (b)
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Fig.5. Waveforms of electromagnetic torque during BLDC motor
start-up in the system shown in Fig. 3, with optimization turned off
(a) and optimization turned on (b)

In the presented waveforms for BLDC the motor start-up,
a slight reduction in the amplitude of the electromagnetic
torque ripple and motor current ripple can be observed. On
the other hand, no improvement in the dynamics of the
system during the start-up, which would be manifested in a
more even level of the electromagnetic torque during start-
up and a shortened start-up time, was observed.

Figures 7 and 8 show the steady phase current and
electromagnetic torque waveforms of the loaded BLDC
motor in the system shown in Fig. 3, with optimization
turned off (a) and optimization turned on (b).
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Fig.6. The angular velocity of the BLDC motor during the start-up in
the system shown in Fig. 3, with optimization turned off (a) and
optimization turned on (b)
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Fig.7. Waveforms of the phase current of a BLDC motor loaded
with a rated torque in the system shown in Fig. 3, with optimization
turned off (a) and optimization turned on (b)
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Fig.8. Waveforms of the electromagnetic torque of a BLDC motor
loaded with rated torque in the system shown in Fig. 3, with
optimization turned off (a) and optimization turned on (b)

The presented in Fig. 7 and Fig. 8 waveforms show the

beneficial effect of the applied optimization on the
parameters of the current and electromagnetic torque
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waveforms, which is manifested in the reduction of the
ripple amplitude of both quantities.

Figures 9 and 10 show the steady phase current and
electromagnetic torque waveforms of a loaded BLDC motor
in the angular velocity control system based on the
structure from Fig. 3, in which, instead of the voltage
reference adjuster, a cascade structure containing closed
loops for controlling the electromagnetic torque and angular
velocity are used, with the optimization turned-off (a) and
optimization turned-on (b).
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Fig.9. Phase current waveforms of a BLDC motor in the cascade
angular velocity control system based on the structure from Fig.3,
with optimization turned off (a) and optimization turned on (b)
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Fig.10. BLDC motor torque waveforms in the cascade angular
velocity control system based on the structure from Fig. 3, with
optimization turned off (a) and optimization turned on (b)

In the case of a cascade control structure containing
closed loops for controlling the electromagnetic torque or
armature current and the angular velocity of a BLDC motor
with a trapezoidal back EMF waveform, the effect of the
applied optimization is not favourable, as it results in the
appearance of additional motor current distortions.

Conclusions

The paper proposes a strategy for controlling a
brushless DC motor excited by permanent magnets with a
trapezoidal back EMF waveform. This strategy was
previously proposed and tested for a permanent magnet
motor with a sinusoidal back EMF waveform, powered from
an inverter driven by a rotary electrical transformer
(synchro) coupled with the motor shaft, i.e. a motor with
properties similar to those of a separately excited DC motor.
The conducted research has shown a negligible influence of
the proposed control optimization for BLDC motor with a
trapezoidal back EMF waveform on the dynamics of the
drive system, e.g. when starting the motor. On the other
hand, one can observe a beneficial effect of the
commutation of the motor with the positive phase shift,
resulting from the optimization applied, on the parameters
of the current and electromagnetic torque waveforms,
manifested by the reduction of the amplitude of ripples of
both quantities.
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